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® ^^^Tl'^ri^i^H^ Integrated device and method of manufacture thereof, and light receiver 

using saiu aevice. 



© Disclosed is a semiconductor optical integrated 
device and method of fabricating the device, the 
device having a plurality of quantum well structures, 
fdrnried on a single substrate, acting as optical 
waveguides, the plurality of quantum well structures 
respectively having different lattice mismatches with 
the substrate and/or different strains (e.g., respec- 
tively compressive strain and tensile strain). The 
method Includes selectively depositing the quantum 
well structures by. e.g., organometalllc vapor phase 
epitaxy on growth regions of the substrate, the 
growth regions being defined by insulating layer 
patterning masks, with a width of the growth regions 
and/or a width of the patterning mask being different 
for the different quantum well structures. Each quan- 
tum well structure includes quantum well layers of 
lll-V or ll-VI compound semiconductor material, the 
Group III or Group II elements each including at least 



two elements, one having a relatively large atomic 
diameter and another having a relatively small atom- 
ic diameter. Also disclosed is a light receiver that 
can independently absorb TE-mode and TM-mode 
jight in series, which can be used in^ a polarized- 
wave diversity receiver for coherent optical commu- 
nication. 
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BACKGROUfSiD OF THE INVENTION 



The present invention relates to. a semiconduc- 
tor optical integrated device and its fabricattori 
method, as well as to a senniconductor optical 
integrated device as part of an optical communica- 
tion module and optical communication system. 
The present invention is also directed to a light 
receiver, particularly to a light receiver having a 
structure suitable for a polarized-wave diversity 
light receiving system used for ^coherent optical 
communication, which light receiver can include 
the semiconductor optical integrated device. 

It is known that the characteristics of semicon- 
ductor optical functional devices such as a semi- 
conductor laser, an optical modulator, a eight 
switch, an optical sensor, and an optical amplifier 
- can greatly be improved by using a superlattice 
structure having optically biaxial strain. 

It is estimated that monolithic integration of 
these devices is indispensable in the future, in 
order to advance optical devices such as the fore- 
going, and in order to advance light application 
techniques. However, current crystal-growth tech- 
niques cannot integrate superlattice structures hav- 
ing different strains, e.g.. on a single substrate, and 
no embodiment of such semiconductor optical 
functional device . having a superlattice structure 
with optically biaxial strain has been realized so far. 
Therefore, polarization of the activating light in an 
integrated device has been restricted to the TE 
mode (polarization plane parallel to the crystal 
growth surface) so far. 

To integrate different functional devices on the 
same semiconductor substrate, however, a method 
is proposed which controls the band gap energy on - 
a substrate surface by using selective area growth. 
This type of semiconductor optical integrated de- 
vice was reported at the Autumn Meeting, C-133. 
of The Institute of Electronic Information Commu- 
nication, held on September 5,1991, 

The aforementioned method makes it possible 
to integrate quantum well optical waveguides with 
different quantum well layer thicknesses, or dif- 
ferent quantum levels, on a substrate surface 
through a single crystal growth, by crystal-growing 
a quantum well structure 3 having quantum well 
layers 5 and quantum barrier layers 6. and sand- 
wiched by optical waveguide layer 4 and cladding 
layer 7. on a semiconductor substrate 2 on which 
an insulating mask 1 is formed. See Figs. 1A and • 
1B. each showing section "a" and section "b" 
having quantum well optical waveguides with dif- 
ferent quantum well structure thicknesses. In this 
case, however, the quantum well layer thickness 
and mixed crystal composition of devices to be 
integrated are uniquely specified, by the necessary 
insulating mask width. Therefore, it is impossible to 
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control the strain on the substrate surface, and it is 
difficult to apply a strain system, to the quantum 
well structure, in which further improvement of de- 
vice characteristics can be expected. Thus, it is 
impossible to design an optimum device structure 
of a quantum well layer or the like for each semi- 
conductor optical integrated device. 

Such semiconductor optical integrated devices 
have use in coherent optical communication sys- 
tems. For coherent optical communication, signal 
intensity is increased by making the beam emitted 
from a local oscillation laser, set at the receiving 
side, interfere with signal light. Moreover, high- 
density wavelength multiplexing is achieved by us- 
ing sharp-interference wavelength selectivity at the 
receiving side. However, to make the locally-os- 
cillated light interfere, it is necessary to equalize- 
the polarized light of the signal light and that of the 
locally-oscillated light. 

Polarlzed-wave diversity Is one of the methods 
to solve the problem. Polarized-wave diversity di- 
vides locally-oscillated light into two polarized 
lights, with an equal output by a polarized-light 
separator such as a polarized-light beam splitter. • 
Signal light with any polarized-light direction, trans- 
mitted through an optical fiber, is divided into two 
types of polarized light perpendicular to each other 
to rhake each of them interfere with divided locally- 
oscillated light. Finally, the polarized light of any 
30 signal light can be received. Independently of the 
fluctuation of interference intensity at the receiving 
side to the polarized light, by equalizing each di- 
vided signal intensity. 

An example of structure to achieve the fore- 
35 going is shown in the "Technical Research Report" 
of The Institute of Electronic Information Com mu- 
nication , Vol. 91, No. 340 (1991), p. 45. In this 
report, two sets of polarized-wave diversity devices 
are used, and four light receivers (two for each 
40 set) -are used because the structure of a balance- 
type light receiver is included. Signal light is coup- 
led with a locally-oscillated laser beam by an op- 
tical coupler. Then, the light emitted from the op- 
tical coupler is collimated by a microlens to apply it 
45 • to the polarized-light separator and divide it into 
two types of polarized light perpendicular to each 
other. Each type of divided polarlzeid light is con- 
verted into an electric signal by a light receiver. As 
described above, the existing polarized-wave diver- 
se sity structure necessarily requires optical parts for 
dividing polarized light and at least two indepen- 
dent light receivers. Therefore, the optical system 
is complicated and it is difficult to obtain a high 
reliability from the structure, using different optical 
55 parts. 
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SUMMARY OF THE INVENTION 

It is an object of the present invention to pro- 
vide a plurality of quantum well structures on a 
substrate (e.g.. a single semiconductor substrate) 5 
surface, the plurality of quantum well structures 
having different lattice mismatch (e.g., lattice mis- 
match degree) with the substrate,* and/or having • 
different strains, and to provide methods of forming, 
such plurality of quantum well structures on the 10 
substrate. 

It is a further object of the present invention to 
provide a semiconductor optical integrated device 
having a plurality of quantum well structures on" a 
substrate (e.g., a single semiconductor substrate), is 
with different quantum. well structures having dif- 
ferent lattice mismatch with the substrate and/or 
different strain, and wherein the different lattice, 
mismatch or strain can be controlled. 

It is a further object of the present invention to 20 
provide a method of forming such a semiconductor 
optical integrated device with a plurality of quantum 
well structures respectively having controlled dif- 
■ ferent lattice mismatch with the substrate and/or 
controlled different strain, the method being rela- 25 
tively simple with relatively few processing steps 
yet being able to control the different lattice mis- 
matches and/or strains. 

It IS a further object of the present invention to 
provide a semiconductor optical integrated device 30 
having improved performance by integrating, on a 
substrate, a plurality of quantum well structures 
with different lattice mismatches with the substrate, 
and/or with different strains (e.g.. compressive 
strain in one quantum well structure, and tensile 35 
strain in another quantum well structure, of the 
plurality of quantum well structures on the sub-, 
strate), and methods of fabrication thereof . 

It Is a further object of the present invention to 
provide a semiconductor optical integrated device 4o 
having a plurality of different optical waveguides 
(e.g., a plurality of different quantum well struc- 
tures, with or without waveguide layers) on a sub- 
strate, so as to provide integration of optical 
waveguides with different polarization surface de- 45 
pendencies (e.g.. capable of transmitting light of 
different modes and not transmitting (e.g., absorb- 
ing) light of another mode than the transmitted 
light), and methods of fabricating such device. 

It is a further object of the present invention to 50 
provide a semiconductor optical integrated device 
having a plurality of different optical waveguides 
formed of, e.g.. different quantum well structures, 
having different lattice mismatch with the substrate 
and/or having different strain, so as to control dif- 55 
ferent polarization planes of activating light, and a 
fabrication method thereof. 



It is a further object of the present invention to 
provide a semiconductor optical integrated device 
(which can be used, e.g., as a light receiver) for 
use in coherent optical communication systems, 
which device is relatively simple and has a high 
reliability, and which device can act to divide light 
into two types of polarized light perpendicular to 
each other. 

It is a still further object of the present inven- 
tion to provide a light receiver capable of indepen- 
dently converting two types of polarized light, per- 
pendicular to each other, into electricity. 

It is a still further object of the present inven- 
tion to provide a system, including a light receiver, 
which can separately receive signal polarized light 
waves perpendicular to each other from a single 
light receiver input, and can equalize light intensity 
of a locally-oscillated light with each of the signal 
polarized light waves perpendicular to each other. 

It is a still further object of the present inven- 
tion to provide a system, including a light receiver, 
that can separately receive signal polarized waves 
perpendicular to each other through one light re- 
ceiver input, and can equalize final signal outputs 
when the receiving sensitivity for each polarized 
wave differs. 

The foregoing objects are achieved by the 
present invention, as described in the following. 
Various illustrative examples of the present inven- 
tion, in the various aspects thereof, are presented. 
As can be appreciated, these illustrative examples 
are representative of, and are not intended to limit, 
the present invention, which is defined by the ap- 
pended claims. 

The present^ invention achieves the above-list- 
ed objects by providing structure including , a sub- 
strate (e.g., a single semiconductor substrate) with 
a plurality of quantum well structures thereon, the 
plurality of quantum well structures having different 
lattice mismatch with the substrate, and/or different 
strains, from each other. The above objects are 
further achieved by semiconductor optical integrat- 
ed devices with a plurality of quantum well struc- 
tures, respective ones of the structures having dif- 
ferent strains, or having different lattice mismatches 
(e.g.; lattice mismatch degree) with the substrate. 

Moreover, the above-listed objects are further 
achieved by a fabrication method applying a 
region-selective growth (e.g., deposition) technique 
using an insulating film patterning mask. According 
to this aspect of the present invention, selective 
growth of, e.g., the quantum well structure is used 
to form a plurality of. e.g.. quantum well structures 
on a substrate (single semiconductor substrate), 
with different ones of the plurality of quantum well 
structures having the different lattice mismatch with 
the substrate and/or different strains (it being within 
the present invention that at least one quantum well 
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structure has a compressive strain and at least one 
quantum well structure has a tensile strain). The 
lattice mismatch and/or strain of each quantum well ' 
structure is controlled. Such control of the lattice 
mismatch and/or strain can be achieved by select- s 
ing predetermined widths of the growth regions on 
which the respective quantum well structures are 
deposited, and/or predetermined widths of the in- 
sulating layer patterning mask on which deposition 
does not take place (and which insulating layer ro 
patterning mask defines the respective growth -re- 
gions). 

In the foregoing, it is described that a plurality 
of quantum well structures are provided, on a sub- 
strate, with different strains, or with different lattice 75 
mismatches with the substrate. Such quantum well 
structures form optical waveguide structure of the 
semiconductor optical integral devices of the 
present invention. These quantum well structures 
can constitute the entirety of the optical waveguide 20 
structure; however, it is within the contemplation of 
the present invention that the optical waveguide 
structure can also include an optical waveguide 
layer. Within this aspect of the present invention, 
the optical waveguide layer can also be formed 25 
using the exposed growth regions, and can provide 
a support for the quantum well structure. Where 
the waveguide structure has both an optical 
waveguide layer and a quantum well structure, the 
combination serves as optical waveguide structure 30 
for the semiconductor optical integrated device, the 
combination forming a functional section. Thus, ac- 
cording to the present invention the device has at 
least first and second optical functional sections, 
each of which has optical waveguide structure with 35 
the different lattice mismatch and/or strain, which 
optical waveguide structure may or may not In- 
clude the waveguide layers. In the following de- 
scription, when we refer to waveguide structure we 
mean the combination of quantum well structure 4o 
and waveguide layer, when the device has a 
waveguide layer; or the quantum well structure 
alone if the device does not have a waveguide 
layer. 

The objects of the present invention can also 45 
be achieved by providing a waveguide-type light 
receiver having in series respective regions for 
independently absorbing two types of polarized 
light (TE and TM) perpendicular to each other in 
the optical axis. For example, a strain-free or com- 50 
pressive strain quantum well structure (e.g., super- 
lattice) for absorbing only TE-mode light and trans- 
mitting TM-mode light in signal light wavelength 
can be an^anged at a front stage as a photoelectric 
layer, and a structure for absorbing TM-mode light 55 
and realizing photoelectric conversion is arranged 
at a rear stage. A tensile-strain quantum well struc- 
ture (e.g.. superlattice) can be used as the TM- 



mode absorbing layer. The semiconductor optical 
integrated device of the present invention can be 
used to iDrovide the quantum well structure in se- 
ries respectively to absorb TE-mode light (and 
transmit TM-mode light) and to absorb TM-mode 
liight. 

Furthermore, two types of polarized light of 
locally-oscillated light entering the waveguide-type 
light receiver can be set so that they are tilted by 
45 • from a waveguide structure, and the amplifica- 
tion degree of them after being converted into 
electric signals is adjusted so that the receiving 
output of signaUight for each type of polarized light 
is equalized. Or, the polarized-light angle of locally- 
oscillated light is deviated from 45* corresponding 
to a difference in the receiving sensitivity of each 
type of polarized light. 

The advantages of a semiconductor optical in- 
tegrated device having quantum well structures 
with different lattice mismatches with the substrate, 
and/or different strains, in the optical axis are listed 
below. 

(1) When integrating a waveguide structure (e.g., 
quantum well structure) having a compressive 
strain with a. waveguide structure (e.g., quantum 
well structure) having a tensile strain, it is possi- 
ble to separately control the light (TE polariza- 
tion light) having a polarization surface parallel 
with a crystal growth surface of a compressive- 
straih quantum well structure and the light (TM 
polarization light) having a polarization surface . 
perpendicular to a crystal growth surface of a 
tensile-strain quantum well structure. Therefore, 
it is possible to realize an optical integrated 
device capable of controlling the light indepen- 
dently of polarization and any polarization plane 
of the activating light. 

(2) When using a waveguide structure, having a 
compressive strain, as a semiconductor active 
device and a waveguide structure, having a ten- 
sile strain, as a semiconductor passive device, it 
is possible to greatly decrease the propagation 
loss of the tensile-strain passive waveguide 
structure for the TE polarization light produced 
by the compressive-strain active device. This is 
because a lightweight-hole band takes part in 
light absorption in a semiconductor layer having 
a tensile strain, and absorption of TM polariza- 
tion light becomes predominant. Moreover, the 
same theory effected when using a 
waveguide structure having a compressive strain 
as a semiconductor passive device and a 
waveguide structure having a tensile strain as a 
semiconductor active device. 
(3) When using a waveguide structure having a 
tensile strain for both active and passive de- 
vices, a light-hole band affects optical character- 
istics including light emission, light absorption. 
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and refractive-index change, and the activating 
light serves as TIVI polarization light. Therefore, 
for a light-emitting device, it is possible to im- 
prove the light emission efficiency, oscillation 
wavelength stability, temperature characteristics, 
and operation speed. Moreover, for a passive 
device, it is possible to increase the absorption 
coefficient, refractive index change, operation 
speed, and actlvatlng-light output. 
(4) When using the waveguide structure of the 
present invention for both active and passive 
devices, the effective mass of a heavy hole 
decreases to approximately 1/10, and the heavy 
hole shows a same effect as a light hole. There- 
fore, improvement of device performance, as in 
Item (3) above, can be expected. As described 
above; a high-performance opticar integrated de- 
vice can be realized by connbining optical in- 
tegrated devices having quantum well structures 
with different strains, and/or different mis- 
matches with the substrate. 
According to the method of the present inven- 
tion, control of the plurality of waveguide structures 
(e.g.. quantum well structures) with different lattice 
mismatches on the substrate, or with different 
strains, can easily be achieved, through a selective * 
. epitaxial deposition of the waveguide structures 
(e.g., quantum well structures) on the substrate. 
The layers for the different waveguide structures 
can be simultaneously formed, with the different 
^ lattice mismatches or different strains being pre- 
determined through, e.g., choices of width of the 
insulating layer defining the growth regions or 
.choice of width of the growth regions. Thus, 
through choice of such widths of the growth re- 
gions and/or insulatirig layer, as well as the specific • 
materials deposited and forming the waveguide 
structures, lattice mismatches and/or strains can 
easily be controlled so as to achieve objects of the 
present invention. 

A semiconductor optical waveguide normally 
uses a multi-layer structure and becomes a slab- 
shaped or rectangular optical waveguide structure. 
Guided light has at least two native modes- TE 
mode having an electric field component in the 
direction parallel with a surface of the waveguide 
and TM mode having an electric field component in 
the direction perpendicular to the surface of the 
waveguide. The guided light can be divided into 
two types of polarized light perpendicular to each 
other by providing a light receiver with a waveguide 
structure. Through division of the light Into two 
types of polarized light, the receiver serves as a 
polarized-light beam splitter. 

When providing a light receiver with a quantum 
well structure, the energy gap for electron transition 
related to TE- and TM-mode lights differs. This is 
because degeneracy is released and dissociated 
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since the effective mass of electrons in the highest- 
order valence band related only to TE-mode light is 
larger than that of electrons In the valence band 
related to TM-mode light. And. the transition en- 
5 ergy gap of electrons with a large, effective mass 
related only to TE-mode light gets smaller than that 
of electrons related to TM-mode light. As a result, 
TE-mode polarized light is absorbed but TM-mode 
polarized light is not absorbed for the light having 
10 wavelength within the energy band gap. A region 
that selectively absorbs only TE-mode light can be 
formed by using this phenomenon. A waveguide- 
type light receiver for separately absorbing po- 
larized waves perpendicular to each other can be 
16 achieved by connecting a region for absorbing TM- 
mode fight in series with the TE-mode light 
selectively-absorbing region. Even if the TM-mode 
light absorbing region uses a material for absorbing 
TE-mode light, there is no problem because TE- 
20 mode light is attenuated due to absorption of TE- 
mode light at a front stage (i.e., prior to the TM- 
mode light absorbing region). 

The light receiver according to this aspect of 
the present invention can be achieved using two 
25 waveguide structures, e.g., one having compressive 
strain and one having tensile strain. A strain super- 
lattice is made by forming a semiconductor layer to ^ 
a thickness of several nanometers on a semicon- 
ductor InP substrate, the semiconductor layer hav-" 
30 ing a lattice constant slightly different from, and an 
absorption edge longer than, that of the substrate. 
In this case, a compressive strain occurs because 
a growth layer is compressed in the surface direc- 
tion of the layer if the original lattice constant of the 
35 layer is larger than that of the substrate, while a 
tensile strain occurs because the layer is tensed in 
the surface direction of it If the original lattice 
constant of it is smaller than that of the substrate 
when the layer grows. When a crystal is provided 
40 with a strain, optical characteristics change be- 
cause the crystal Is deformed in the surface direc- 
tion and the direction perpendicular to the surface. 
As the change""of optical characteristics, the band 
gap wavelength of TE mode light gets longer for 
45 the compressive strain, as shown in IEEE Photon- 
ics Technology Letters (1991). Vol. 3, No. 2, p. 
103. When a compressive strain is applied to the 
crystal, degeneracy Is released Independently of 
dissociation of degeneracy due to quantum effect, 
50 and the band gap energy for electron transition to 
absorb TE-mode light gets smaller than that for 
electron transition to absorb TM-mode light. Be- 
cause the effect due to the compressive strain is 
added to the electron transition energy difference 
65 related to two types of polarized light due to the 
quantum effect, the loss of TM-mode light can 
further be decreased in the TE-mode light 
selegtively-absorbihg region. For the light with a 
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wavelength close to a specific absorption edge, 
TM-mode light is hardly absorbed but is transmit- 
ted, and only TE-mode light is. absorbed by using 
the compressive strain for the absorbing layer. 

For the tensile strain, however, the band gap 
wavelength for electron transition mainly coupled to 
TM-mode light gets longer than that for electron 
transition to absorb only TE-mode light. When the 
tensile strain is used , for the absorbing layer, ab- 
sorption of TE-mode light decreases and that of 
TM-mode light increases by setting the incident 
wavelength to a value larger, than the band gap 
wavelength, to absorb only TE-mode light, but 
smaller than the band gap wavelength of TM-mode 
light. Therefore, the structure of each strain layer is 
set so that the wavelength of incident light be- 
comes a wavelength to be selectively absorbed. 
Thus, absorption of TE-mode light In the absorbing 
region for TM-mode light can be controlled arid . 
selectivity can be improved. 

This structure requires no polarizing beam 
splitter, and makes it possible to monolithically 
form , two light receivers in one body (e.g., on a 
single substrate). 

By setting a direction of the polarized light of 
locally-oscillated light to 45'^ from a waveguide 
structure, an equal light intensity can be coupled 
for TE and TM modes, and polarized-wave diver- 
sity can be achieved. 

Because propagation loss . of an optical 
waveguide, and the structure of an absorbing re- 
gion, differ for different types of polarized light, 
photoelectric conversion efficiency does not cor- 
respond one to one. For polarized-wave diversity, it 
is a key to make the efficiencies of both one-to- 
one. Correction of the electric-signal intensity of 
each type of polarized light can be realized by 
equalizing the amplification factor of electric signals 
for each type of polarized light. By making locally- 
oscillated light interfere with signal light, the signal 
light is amplified proportionally to the electric field 
of the locally-oscillated light. The conversion effi- 
ciency of each type of polarized light above-men- 
tioned can also be corrected by deviating from 45 • 
the polarized light of locally-oscillated light from the 
optical waveguide structure surface, and changing 
the percentage of the electric field coupled with 
TE- and TM-mode lights. 

BRIEF DESCRIPTION OF THE DF^AWINGS 

Figs. 1A and 1B are illustrations for explaining a 
proposed structure; 

Figs. 2A and 2B are illustrations for explaining 
methods according to the present invention; 
Figs. 3A and 3B are Illustrations for explaining 
an operation of the present invention; 
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Fig. 4 is a diagram showing how lattice mis- 
match of a deposited structure on a substrate 
varies dependent upon a mask width (insulating 
layer width) defining the growth region for the 
deposited structure; 

Fig. 5A is a diagram showing how bandgap- 
energy of a quantum well structure varies de- 
pendent upon the mask width (insulating layer 
width) defining the growth region for the depos- 
ited quantum well structure, and dependent 
upon the thickness of the quantum well struc- 
ture; 

Fig. 58 is a diagram showing how bandgap 
energy of a quantum well structure varies de- 
pendent upon the growth region width; ' 
Fig. 6 is an illustration for explaining a first 
embodiment of the present invention; 
Figs. 7A-7C illustrate a completed structure uti- 
lizing the first embodiment, . with Figs. 7B and 
7C being sectional portions of Fig. 7A; 
Figs. 8A-8C are illustrations of a second em- 
bodiment of the present invention, with Figs. SB 
and 80 being sectional portions of Fig. 8; 
Figs. 9A-9C are illustrations of a third embodi- 
ment of the present Invention, with Figs. 98 and 
9C being sectional portions of Fig. 9A; 
Figs. 1 0A-IOC arei illustrations of a fourth em- 
bodiment of the present invention, with Figs. 
108 and 10C being sectional portions of Fig 
10A; 

Figs. 11A-11E are Illustrations of a fifth embodi- 
ment of the present invention; 
Figs. 12A and 12B are illustrations of a sixth 
embodiment of the present invention; 
Fig. 13 is an illustration of a seventh embodi- 
ment of the present invention; 
Fig. 14 is an illustration of an eighth embodi- 
ment of the present invention; 
Fig. 15 is an illustration of a ninth embodiment 
of the present, invention; 

Fig. 16 is an illustration of light receiver struc- 
ture, for pdlarized-wave diversity, according to a 
tenth embodiment of the present Invention; 
Fig. 17 is an illustration of a strain superlattice of 
a waveguide-type light receiver for polarization 
diversity; and 

Fig. 18 illustrates use of a light-receiver in a 
system providing polarized-wave diversity. 



so DETAILED DESCRIPTION OF THE INVENTION 



While the present Invention will be described In 
connection with specific and preferred embodi- 
ments, it will be understood that it is not intended 
to limit the invention to those embodiments. To the 
contrary, it is intended to cover all alterations, 
modifications and equivalents as may be included 
within the spirit and scope of the invention as 
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defined by the appended claims. 

While the present invention Is described in 
terms of apparatus, and materials, comprised of 
specific components, it is intended that the appara- 
tus, and materials, can consist essentially of. or 5 
consist of, the specific components. 

The following disclosure is provided in connec- 
tion with the various drawing figures. In the various 
drawing figures, structure having substantially the 
same function is denoted by the same reference iq 
characters. 

the following is the description of a method, 
according to the present invention, fbr fabricating a 
semiconductor optical integrated device having 
quantum well structures with different strains n 
(respectively, compressive strain and tensile 
strain). Such different strains can be achieved, e.g., 
by providing quantum well structures on a sub- 
strate, having different lattice mismatch with the 
substrate. An insulating film patterning mask 1 20 
made of Si02 (silicon dioxide), SIN^ (silicon nitride) 
or a-Si (amorphous silicon) is formed on a semi- 
. conductor substrate 2. as shown in Fig. 2A or Fig. 
2B, by a chemical vapor deposition technique or a 
sputtering technique, combined with lithography. In 25 ' 
both cases, a portion where the semiconductor is 
exposed between patternings is defined as a 
' growth region. The width of this region is defined 
as a growth region width, while the width of the 
patterning mask is defined as a mask width. In ' 30 
case of Fig. 2 A, the insulating film patterning mask 
1 is provided so that the growth region width, 
changes in the optical-axis direction, having dif- ^ 
ferent widths 40, 41 for different quantum well 
structures to be formed. .On the other hand, in Fig. 35 
2B the Insulating film patterning mask 1 is provided ■ . 
so that the mask width changes, having mask 
widths 42, 43, while the growth region width is kept 
constant, at width 44, in the optical-axis direction. 

As shown in Figs. 3A and 3B. an optical 40 
waveguide layer 4 comprising a lll-V compound 
mixed-crystal semiconductor, quantum well struc- 
ture 3 comprising a plurality of quantum well layers 
5 and quantum barrier layers 6, and cladding layer 
7 are provided by a known vapor phase -epitaxy 45 ' 
deposition technique (e.g.. organometallic vapor 
phase epitaxy) in sequence on semiconductor sub- 
strate 2 having the insulating film patterning mask 
1. The quantum-well layer 5 should comprise two 
or more group III elements with different lattice so 
constants, such as Ga and In. Such two or more 
Group III elements have different atomic diameters 
(preferably, a relatively large difference In atomic 
diameter) so as to achieve the desired lattice mis- 
match according to the present Invention, While Ga 55 
and In are illustrated in the present description as 
the Group III elements; the present invention is not 
limited thereto, and. e.g., the Group 111 elements 



can be In and Al. In and Ga and Al, etc. Various 
growth layers of lll-V semiconductor materials on a 
substrate, according to the present invention, are 
as follows: 

(1) lnGaAs(P)/lnP 

(2) InGaAs/lnGaAIAs 

(3) InGaAs/GaAIAs/GaAs 

(4) InAIAs/lnGaAs/lnP. 

In this case, because no crystal growth occurs 
on the insulating film patterning mask, growth se- 
lectively occurs only in the growth region (selective 
.area growth). Moreover, because growth material 
species attached on the insulating film patterning 
mask 1 are surface-diffused or vapor-phase-dif- 
fused to the growth region, the growth speed in- 
creases as the exposed area width decreases. In 
this case, the composition of the growth layer also 
changes. This is a phenomenon caused by the fact 
that the diffusion length differs for different elemen- 
tal materials, in the same Group of the Periodic 
Table, especially In Group III element materials on 
the insulating film patterning mask 1. For example, 
because the diffusion length of an In material spe- 
cies is larger than that of the Ga material species, 
the In composition in crystals increases due to 
selective growth and the crystal lattice constant 
gets larger than that of the substrate. Because the 
magnitude of diffusion length and lattice constant 
depends on the combination of Group III elements, 
.the crystal lattice constant may get smaller than 
that of the substrate due to selective area growth. 
The thickness, and the composition, of these - 
growth layers respectively increases and changes 
as the growth region width increases. Therefore, 
the composition of a quantum well structure on the 
substrate surface, e.g.. lattice mismatch thereof 
with the substrate and/or strain of the quantum well 
structure, can easily be controlled with the growth 
region width by positively using the composition . 
change. 

. Moreover, a high-performance semiconductor 
optical integrated device having a plurality of quan- 
tum well structures respectively with different 
strains can be fabricated on the substrate surface 
by using the above technique. Concretely, for cry- 
stal growth of the quantum well structures shown in 
Fig. 3A, the crystal lattice constant of the quantum 
well layer 5 is previously set smaller than that of' 
the quantum barrier layer 6 in the section "b" 
having a large growth region width, to form a 
quantum well structure having a tensiie strain in the 
quantum well layer as shown In Fig. 3B. In this 
case, a quantum well structure having a compres- 
sive strain is automatically formed In the quantum 
well layer in the section "a" having a small ex- 
posed area width because of the composition 
change previously mentioned. Because the optical 
waveguide layer 4. quantum barrier layer 6, and 
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cladding layer 7 use an alloy crystal semiconductor 
with a Group III element composition ratio of 1 or 
less, no great difference of growth layer composi- 
tion is produced between two sections "a" and "b". 
For example, when both In and Ga, which are 
Group III elements, have the composition ratio of 
around 0.5 in In^Gai-xAsP, change of the layer 
thickness and composition increases in the two 
sections. However, the change decreases as the 
composition ratio of any element increases. A 
Group III element contributes to an extraordinarily 
large degree to change of the layer thickness and 
composition of the Group lll-V compound semicon- 
ductor, in selective area growth, as compared with 
a Group V element. When assuming the composi- 
tion ratio of the same group elements A and B as 
[A] and [B] respectively, a large change is obtained 
when the value of "x" defined as "x" = [A]/[B] 
ranges between 0.25 and 4 (both inclusive), and 
the maximum change is obtained when * it equals 
"1". In this case, because the feed gas composi- 
tion forming the alloy-crystal semiconductor crystal 
AS different; and because migration/diffusing, of the 
atoms constituting the alloy crystal, differ for dif- 
ferent elements on the insulating layer patterning 
mask depending on the exposed area width, a 
quantum well- structure 3 is automatically formed 
on the exposed areas of the sections "a" and "b" 
with different composition and thickness. The sec- 
. tions "a" and "b" are very smoothly coupled be- 
cause both sections are formed through the same 
crystal growth, the coupling loss is greatly de- 
creased, and optical coupling efficiency reaches 
approximately 100%. 

In order to achieve migration (e.g., diffusion) of 
the desired elements, In depositing the quantum 
well structures on the substrate by, e.g., vapor 
. phase deposition, the deposition temperature and 
pressure have an effect. Thus, it is preferred that 
the deposition take place at a temperature of at 
least 550 (more preferably 550 ' -650 'C). and a 
pressure of 20-200 Torr. Illustratively, the deposi- 
tion (e.g.. of the quantum well structures) can be 
performed at a temperature of 600 • C, and pres- 
sure of 40 Torr. 

As indicated previously, width of the growth 
region, and of the mask (insulating layer width), 
affect the lattice mismatch and/or strain of the 
deposited layer. Desirably, the width of the growth 
region (40 or 41 in Fig. 2A, or Wg (44) in Fig. 28) 
ranges from 5-30 um. and/or the width of the mask 
(insulating layer width, e.g., Wm (42 or 43) in Fig. 
2B) ranges from 5-60 um. Illustratively. Wg can 
range from 5-30 um, and Wm range from 5-60 um, 
for a quantum well structure deposited on a sub- 
strate. 

Fig. 4 illustrates the results of an examination 
of the lattice mismatch degree of the growth layer 



with the substrate, as a function of the patterning 
mask width, when depositing the growth layer, i.e., 
- an InGaAsP quaternary layer or a InGaAs tertiary 
layer, by organometallic vapor-phase epitaxy on a 
6- InP substrate, keeping the growth conditions such 
as the amount of gas to be fed and the growth 
temperature constant. As shown by the illustration 
in Fig. 4, crystal growth is performed under the 
conditions in which lattice mismatch is negative 
10 when the mask width is zero, or for the normal 
growth, and lattice matching occurs when the mask 
width is 50 um by keeping every growth region 
width at 20 um. As shown in Fig. 4, it is possible to 
optionally set a plurality of quantum, well structures 
15 with different strains on the same substrate by 
setting the mask width to different values. 

Fig. 5A illustrates the change of bandgap en- 
ergy (expressed as PL peak wavelength) of a quan- 
tum well structure due to increase of quantum well 
20 layer thickness and the previously-mentioned 
change of well layer composition. Fig. 5B illustrates 
the change of bandgap energy (expressed as PL 
peak wavelength) of a quantum well structure due 
to increase in growth region width. For a proposed 
25 method, the bandgap energy control width is re- 
stricted to approximately 100 meV because only 
the bandgap energy reduction effect due to com- 
pressive strain is used. For the present invention, 
however, the energy gap width can be increased 
30 up to two times the existing value by also using 
negative strain. Therefore, the degree, of freedom 
of design for application of the technique to optical 
integrated devices is greatly improved. 

As seen in Fig. 3, the quantum well structure 
35 includes both quantum well layers 5 and quantum 
barrier layers 6. Both the quantum well layers and 
quantum barrier layers are deposited using the 
. selective growth regions, and compositions of each 
are dependent upon the mask width. However, as 
40 seen in Fig. 4, composition of the quantum well 
layers varies to a much greater extent, dependent 
upon mask width, as compared to that of the quan- 
tum barrier layers. 

In the foregoing description, a lll-V semicon- 
45 ductor material has been used for forming the 
quantum well structure (including quantum well lay- 
ers thereof). However, the present invention is not 
limited to use of lll-V semiconductor materials. For 
example, other compound semiconductor materi- 
50 als, including ll-VI semiconductor materials, can be 
used. When using ll-VI materials, at least two 
Group II elements are to be incorporated in the 
material, the at least two Group II elements having 
different atomic diameters (at least one being rela- 
55 tively larger than the others). Similar to the discus- 
sion previously in connection with the lll-V semi- 
conductor materials, the Group 11 element having 
the relatively large diameter is selectively incor- 
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porated In the growth layer formed on a growth 
region defined by a patterned nnask, so as to form 
growth layers with different compositions and 
thereby achieve objectives of the present invention- 
Illustrative Group II elements include Mg, 2n and 
Cd;.and illustrative Group VI elements include Se, 
Te and S, - 

Embodiments of the present Invention are de- 
scribed below by referring to Figs. 8 to 17. 

Embodiment 1 

In Fig. 6, an insulator patterning mask 10 com- 
prising Si02, SiNx, or a-Si is formed on an n-lhP 
substrate 8, in which a region where semiconductor 
substrate is exposed (growth region width) differs 
in the optical waveguide direction between a region 
where a grating 9 Is to be formed (section "b", for 
. forming a distributed feedback laser) and a region 
where It is not formed (section "a", for forming an 
optical modulator). Then, an lno.85Gao.15Aso.33Po.67 
quaternary waveguide layer 11. a multiple quantum 
vyell structure 14 (e.g., having 10 quantum well 
layers) comprising InxGa^xAs tertiary quantum 
well layer 12 and lno.85Gao.i5Aso^3Po.67 quaternary 
quantum well barrier layer 13. and a p-InP cladding 
layer 15 are crystal-grown in order on the pattern- 
ing substrate through an organometallic vapor- 
Phase epitaxy method. By setting the exposed 
area width of two regions (section "a" and section 
"b") to 45 um and 60 um, respectively, from Fig. 
4. the gain peak wavelength is set to 1 .45 um and 
1.56 ttm, respectively, and the lattice distortion of 
the quantum well structure (Aa/a) is set to -0.5% 
and + 0.5%, respectively. After forming each semi- 
conductor layer, the semiconductor layers and. the 
insulating layer patterning mask are etched to form 
the waveguide structure, and then the waveguide 
structure is buried by conventional techniques. Il- 
lustratively (and not limiting), Fe-doped InP or Ti- 
doped InP can be used as materials for burying the 
waveguide structure. Thereafter, a p-electrdde 16 
and n-electrode 17 (see Fig, 7A) are formed 
through a conventional vapor deposition method, to 
obtain a semiconductor optical integrated device. 

A field-absorption-type modulator integrated, 
light source can be realized by using the above 
structure as an optical modulator (section "a") and 
distributed feedback laser (section "b"). In this 
structure, having an optical modulator with tensile- . 
strained quantum well structure, laser light from the 
distributed feedback laser (which has a 
compressive-strained quantum well structure) is 
transmitted through the optical modulator when no 
voltage is applied to the optical modulator, and the 
optical modulator absorbs the laser light when a 
voltage is applied to the optical modulator. 
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Figs. 7A-7C show the . device structure of the 
embodiment made by further introducing a re- 
cessed . structure and current constriction structure 
through a known method. Figs. 7B and 70 respec- 
tively show the section portions 101 and 103 of 
Fig. 7A. It is possible to increase the quantum well 
layer thickness to 60A, which is 1.5 times larger 
than the value for no strain, while keeping the gain 
peak wavelength at 1.48 um. by introducing tensile 
strain to the modulator. Thus, section 101 has a 
gain peak wavelength of 1.48um and a tensile 
strain (Aa/a)= -0.5%; and section 103 has a gain 
peak wavelength of 1.56um and a compressive 
strain (Aa/a) = 4-0.5%. Because the field absorpr 
tion effect is proportional to the fourth power of the 
well layer thickness, it increases five times. There- 
by, it is possible to decrease the modulator driving 
voltage to 1/2 the existing value, and the chirping 
for modulation to approximately 1/10 the existing 
value. Thus, an optical integrated device with a 
high performance and reliability can be realized. 

In the foregoing embodiment, two quantum well- 
structures are provided. As can be appreciated, the 
present invention is not limited to two quantum well 
structures on a substrate, and can include more 
than two quantum well structures on the substrate. 

Embodiment 2 

Figs. 8A-8C show a device structure of a sec- 
ond embodiment, made by replacing the quantum 
well structure of the optical modulator of Embodi- 
ment 1 . and the quantum well layer of the distrib- 
uted feedback laser section of Embodiment 1 , with 
quantum well sfructures 14 having tensile strains 
(Aa/a) of. -1.5% and -1.0%. respectively, and fur- 
ther Introducing a recessed structure and current 
constriction structure through a known method. The 
device of Fig. 8A has, in section "b", a tensile 
strain multiple quantum well distributed feedback 
laser with a gain peak wavelength of about 1.55 
um and a tensile strain of -1.0% and has, in 
section "a", ^a tensije strain multiple quantum well 
optical modulator with a gain peak wavelength of 
1.48 um and a tensile strain of -1.5%. Figs. 88 and 
.8C respectively show section portions 105 and 107 
of Fig. 8A*. which respectively are portions of sec- 
tion "a" and of section "b". In this case, the 
oscillation light is of the TM mode, and a light hole 
band takes part in laser emission and light absorp- 
tion instead of the existing heavy hole band. There- 
fore, it is possible to greatly Improve the stability of 
laser oscillation wavelength, and greatly improve 
the modulation efficiency and speed of the modula- ' 
tor. 
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Embodiment 3 

For the optical integrated device shown in Figs. 
; 9A-9C, the gain peal< wavelength of two regions 
(portions being shown respectively as 109 and 111) 
is set to 1.50 urn and 1.55 um. respectively, and 
the lattice distortion (strain) of the quantum well 
structures of these two regions Is respectively a 
tensile strain and a compressive strain, set to - 
1 .0% and + 0.5%, respectively, through the tech- 
nique the same as that of Embodiment 1. Figs. 9B 
and 9C respectively show section portions 109 and 
1 11 of Fig. 9A. After all of the semiconductor layers 
are formed, and etching and burying are per- 
formed, a separated p-electrode 16 and separated 
n-electrode 17 are provided through a conventional 
vapor deposition method, to obtain a semiconduc- . 
tor optical Integrated device. An optical amplifier 
independent of polarization can very easily be re- 
alized by using the above structure for TE and TM 
mode optical amplifiers, respectively, and sepa- 
rately controlling the amplification factors in TE and 
TM modes through current injection. Fig. 9A shows 
the device structure of the embodiment made by 
further introducing a recessed structure and current 
constriction stnjcture through a known method. 
Thereby, it is possible to completely eliminate po- 
larization dependency from the optical amplifier. 
Moreover, it is possible to provide TE- and TM- 
mode filters by separately, controlling the amplifica- 
tion factor and absorption coefficient in the TE or 
TM mode, through current injection or voltage ap- 
plication. 

Embodiment 4 

In Figs. 10A-10C, an insulator patterning mask 
comprising SiCb. SiNx, or a-Si is formed on an n- 
IhP semiconductor substrate, in which a width of a 
region where the semiconductor substrate Is ex- 
posed (growth region width) differs in the optical 
waveguide direction between a region where a 
grating 9 Is formed and a region where it is not " 
formed. Figs. 10B and IOC respectively show sec- 
tion portions 113 and 116 of Fig. 10A. Then, an 
lno.85Gao.15Aso.33Po.67 quaternary waveguide layer 
11. a multiple quantum well structure 14 compris- 
ing an InxGai-xAs tertiary quantum well layer 12 
and lno.85Gao.15Aso.33Po.67 quaternary quantum bar- 
rier layer 13. and a p-lnP cladding layer 15 are 
crystal-grown in order on the substrate, through an 
organometallic vapor-phase epitaxy method. In this 
case, the compositions of the tertiary and quater- 
nary crystals grown In the exposed area vary de- 
pending on the exposed area width of the pattern- 
ing mask, as discussed Previously in connection 
with Fig. 4. From Fig. 4, by setting the. exposed 
area width of two regions, shown respectively in 



portions as 115 and 113. to 30 um and 90 um 
respectively, the gain peak wavelength is set to 
1.25 um and 1.55 um. respectively, and the lattice 
strain (Aa/a) of the quantum well structures is set 
6 to -1% and +1%. respectively. After the semicon- 
ductor layers are formed, and etching and burying 
are performed as discussed in connection with 
Embodiment 1, a p-electrode 16 and n-electrode 
17 are formed through a conventional vapor depo- 
10 sition method to obtain a semiconductor optical 
integrated device. A distributed reflective laser can 
be realized by using the above structure as a 
distributed Bragg reflector 18 and an active region 
19. Region 50 is a phase control region. Fig. lOA 
16 shows the device structure of the embodiment 
made by further introducing a recessed structure 
and current constriction structure through a known 
' method. In this case, because the distributed Bragg 
reflector 18 having a tensile strain has almost.no 
20 loss for the TE light produced by the active region 
19 having a compressive strain, it is possible to 
decrease an oscillation threshold arid a spectral 
line width of the laser. A phase control region 50 is 
placed between the distributed Bragg reflector 18 
25 and the active region 19 for maintaining a laser 
oscillation phase condition. For this embodiment, 
the active region is provided with a compressive- 
straln quantum well and the distributed Bragg re- 
flector 18 is provided with a tensile-strain quantum 
30 well. The same effect can be obtained even by 
providing the active region with a tensile-strain 
quantum well and the distributed Bragg reflector 18 
with a compressive-strain quantum well. 

35 Embodiment 5 

Figs. 11A-11E show an embodiment of a cros- 
sover light switch made by integrating optical am- 
plifiers according to the present invention. A mul- 

40 tiple quantum well structure 14 with the gain peak 
wavelength of 1.45 um and a tensije strain of -1% 
In a quantum well layer is formed on an n-lnP 
substrate 8 having a patterning mask 10 compris- 
ing insulators such as SiCb. SiN^, and a-Si as 

45 shown in Fig. 11E. Fig. 11 E shows patteming mask 
10 for forming TM mode reflectors 42 and TM 
mode amplifier 44, In this case, and as seen from 
Fig. 1 1 E, it is necessary to adjust the mask width 
and growth, region width so that the sections "a" 

60 (TM mode reflector 42) and "c" (TM mode reflector 
42) have a gain peak wavelength of 1 .50 um and a 
quantum well structure compriessive strain of 
+ 0.5%. and the section "b" (TM mode amplifier 
44) has a gain peak wavelength of 1.55 um and a 

65 quantum well structure compressive strain of 
+ 1.0%. 

Fig. 11 A shows an embodiment of a device 
structure made by further introducing a recessed 
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structure, waveguide structure, and current con- 
striction structure through a known method. An X- 
shape ridge waveguide structure 47 has a first 
bypass waveguide and a second bypass 
waveguide. The first bypass waveguide includes a 
TE mode amplifier 43 as shown in Fig. 11 B. The 
second bypass waveguide includes a TM mode 
amplifier 44 as shown in Fig. 11C. There is a TE 
mode reflector 41 at each of the intersections of 
the X-shape ridge waveguide and the first bypass 
waveguide. There is also a TM mode reflector 42 
at each of the intersections of the X-shape ridge 
waveguide and the second bypass waveguide. The 
TE mode reflector 41 and TM mode reflector 42 
are shown in Fig. 11D. Reference character 49 
shows current constriction structure, and reference 
character 45 shows a low loss waveguide. There- 
fore, by arranging quantum well structures with 
compressive and tensile strains on the surface, the 
light reflector and light amplifier can separately be 
controlled for TE- and TM-mode polarization light, 
as shown in Fig. 11 A. This embodiment makes it 
possible to very easily realize a light switch with a 
low loss and high extinction ratio, and completely 
Independent of polarization. 

Embodiment 6 

Figs. 12A and 12B show another embodiment 
of a optical switch using an optical amplifier as a 
gate switch section. A InGaAs/lnGaAsP multiple 
quantum well structure 14 with a gain peak 
wavelength of 1 .45 um and with a tensile strain of 
1% in the well layer Is grown on a partially SiOa- 
masked n-lnP substrate. By adjusting the dimen- 
sion of the selective mask pattern, the gain peak 
wavelength of the gain switching section is set at 
.1.56 urn. Fig. 12A shows a completed device 
structure made by further Introducing a ridge 
waveguide structure and current constriction stoic- 
ture through a known method. In Fig, 12A, shown 
are gain switching sections 57, ridge waveguide 
structure 51, and current constriction structure 53. 
Fig. 12B shows gain switching section 57 in mul- 
tiple quantum well structure 14, with a low loss 
waveguide 61 . 

Using this embodiment, a very low-loss (or 
even an optical gain) and high on/off ratio (greater 
than 30 dB) optical switch can be achieved, in a 
simple method. 

Embodiment 7 

Fig. 13 shows an optical-communication trans- 
mitter module 25 made by securing the distributed 
feedback laser and modulator, integrated light- 
source 21 of Embodiment 1 or 2 on a submpunt 
20. also securing a lensed fiber 23 on the optical 
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axis of the light source through a spherical lens 22, 
and further storing a driver IC 24 on the optical axis 
through a lensed fiber 23. This module makes it 
possible to easily generate high-speed transmis- 
5 sion light signals with a high fiber optical^ output 
and a low chirping. 

Embodiment 8 

10 Fig. 14 shows an optical-communication re- 

peater module 28 made by securing a polarization- 
independent optical amplifier 26 of Embodiment 3 
on a submount 20, also securing two lensed fibers 
23 on the optical axis of the amplifier each through 

16 a spherical lens 22, and further storing a module 
driver 27. This module makes It possible to very 
easily provide an optical repeater module com- 
pletely independent of polarization by separately 
controlling the amplification factors in TE and TM 
20 modes. 

Embodiment 9 ' 

Fig. 15 shows a main optical communication 
25 system using the transmitter module 25 of Embodi- 
ment 7. An optical transmitter 29 has a transmitter 
module 25 and a driving system 30 for driving the 
module 25. The light signal outputted from the 
module 25 passes through an optical fiber 31 and 
30 is detected by a receiver module 33 of a receiver 
32. The optical communication system according 
to this embodiment makes it possible to easily 
realize non-relay optical transmission of 100 km or 
more. This is because chirping is greatly de- 
35 creased, and therefore signal degradation due to 
dispersion of the fiber 31 is also greatly decreased. 

Embodiment 10 

40 Embodiment 10 of the present invention is 

described below by referring to Fig. 16. 

Fig. 16 is a schematic drawing of the structure 
of a waveguide-type light receiver for polarization 
diversity. An n-type InGaAsP waveguide layer 2-1, 

45 with a bottom band gap wavelength of 1.3 urn, is 
formed on an n-type InP substrate 1. Moreover, a 
multiple quantum-well TE-mode light-absorbing 
structure 3, which has a barrier layer comprising 
InGaAs which has a lattice constant equal to that of 

60 the substrate and a well layer comprising InGaAsP 
, whose band gap wavelength is 1.3 Rm, and which 
light-absorbing structure comprises five well layers, 
is formed on the guide layer 2-1. A top waveguide 
layer 2-2, comprising InGaAsP with a band gap 

55 wavelength of 1.3 um, is formed on the structure 3. 
The absorption edge of the multiple quantum well 
is set to 1.58 urri. Part of the formed InGaAs layers 
and part of the formed InGaAsP layers are re- 

11 
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moved with a selective etching liquid, a bottom 
waveguide layer 2-1 is formed again, and a TM- 
mode absorbing layer 4 comprising InGaAs bulk 
crystal and a top waveguide layer 2-2 are formed 
in the etched region on the layer 2-1. Then, a p- 
type InP layer 5 is formed, and then a groove 8 for 
electrical isolation is formed to form electrodes 6-1 
and 6-2 in the TE- and TM-mode absorbing re- 
gions respectively. Finally, an n-electrode 7 is 
formed at the back. As the result of applying light 
with a wavelength of 1.55 urn which accepts ab- 
sorption for TE mode of the quantum well absorb- 
ing layer 3 but does not absorb TM-mode light, 
changing the incident polarized light, and compar- 
ing the electric signal output of each region, a 
conversion ratio of 95:1 is obtained between TE- 
mode polarized light and* TM-mode polarized light. 
The transmitted TM-mode light is converted into 
electric signals in the InGaAs absorbing layer. 

^^^^^^^^^ 

An embodiment using a strain superlattice 
(quantum well structure) is described below by 
referring to Fig. 17. Rg. 17 Is a perspective view of 
a waveguide-type light receiver for polarization di- 
versity. Absorbing layers 23 and 24, comprising 
two different strain superlattlces, are formed with a 
butt joint in series on an InGaAsP waveguide layer 3o 
2-1, with a thickness of 0.6 y.m and a band gap 
wavelength of 1.3 urn, on an n-type InP substrate 
1. The first absorbing layer 23 is made by forming 
five InGaAs well layers, whose lattice constant is 
1% larger than that of InP, as compressive strain 35 
absorbing layers. In this case, the quantum-well 
band gap wavelength is 1 .60 urn for TE-mode light. 
The second absorbing layer 24 is made by forming 
one InGaAs well layer whose lattice constant is 1 % 
smaller than that of InP. The lattice constant of the 4o 
first absorbing layer 23 is larger than that of the 
second absorbing layer 24. Then, an InGaAsP top 
waveguide layer 2-2, with a thickness of 0.6 um 
and a band gap wavelength of 1.3 um, a p-type 
InP layer 5, and a p-type InGaAsP cap layer 9 are 45 
formed on the absorbing layer. To electrically sep- 
arate the two different absorbing layers 23 and 24^ 
from each other, etching is performed to remove 
up to the middle of the p-type InP layer, to form a 
separation groove at the boundary between the two . so 
layers. Then, etching is performed to form a 
waveguide of a high mesa structure, with a width of 
4 um. Polyimide 8 is applied to the etched region, 
to flatten its surface. The p-electrodes 6-1 and 6-2 
are independently formed in each absorbing re- 55 
gion. Finally, an electrode 7 is formed at the back. 
For this light receiver, the absorbing ratio between 
TE and TM modes is improved to 99:1 In the TE- 



mode selectively-absorbing region. Accordingly, 
the propagation loss of TM-mode light is de- 
;.creased. and the conversion efficiency of it Is im- 
proved In the TE-mode absorbing region. More- 
5 over, the influence of residual TE-mode light in the 
TM-mode light receiving region is decreased to 1/2 
or less, as compared with Embodiment 10. 

The following is an example of using the light 
• receiver. Fig. 18 shows a polarization diversity sys- 
10 tem using the waveguide-type light receiver. This 
i system uses the balance-type technique. Locally- 
. oscillated light 11 is coupled with one input of an 
optical coupler 14, of a polarized-wave storing type, 
via a polarized-wave holding optical fiber 13-1, and 
16 transmitted signal light 12 is coupled with the other 
input via optical fiber 13-2. In this case, the po- 
larized light of the locally-oscillated light 11 is ad- 
justed to the optical axis of the polarized-wave 
holding optical fiber 13-1. The optical axes of out- 
20 put fibers 15-1 and 15-2 of the optical coupler are 
coupled with a light receiver 16 by adjusting the 
polarized light of the output light of the optical 
coupler 14 so that the axes are tilted by 45**(45 ' 
for TE or TM mode) from the surface of the 
waveguide-type light receiver 16. TE-mode absorb- 
ing electrodes are 17-1 and 17-3. to which a re^ 
verse bias is applied. A reverse bias is also applied 
to TM-mode absorbing electrodes 17-2 and 17-4. 
Polarization diversity .is achieved by adding signals 
outputted from the electrodes 17-1 and 17-2. The 
same is true for the electrodes 17-3 and 17-4. 
Signals uniformly amplified by locally-oscillated 
light are obtained for the polarized light of any 
,signal light. Thus, the polarization diversity system 
is greatly simplified. Moreover, a balance-type re- 
ceiver is achieved, and noise of the locally-os- 
cillated light 11 is removed. As described above, a 
receiving system for coherent optical communica- 
tion can be achieved using only a polarized-wave 
holding type optical coupler 14 and the light re- 
ceiver. 

It 

For this waveguide-type receiving system, the 
absorption coefficient and loss depend on a 
wavelength. Therefore, it is necessary to make a 
correction between the signal intensity of TE-and 
TM-nnode lights and the obtained electric signal 
Intensity, in order to make the system function as a 
polarization diversity. For this, there Is a method for 
equalizing each polarized-light signal intensity by 
equalizing the amplification factor of electric signals 
between the TE-mode signal outputs 17-1 and 17-3 
on one hand and the TM-mode signal outputs 17-2 
and 17-4 on the other. The set wavelength and 
strain of the absorbing layer are restricted by the. 
lattice constant of the InP substi'ate. As a result, the 
conversion efficiency between TE- and TM-mode 
lights ,may not be equalized, depending on* the 
wavelength of the signal light. In this case, the 
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angle of incident polarized light to the optical 
waveguide of locally-osciljated light is deviated 
, from 45'. For this embodiment, when the ' 
wavelength of the .signal light is 1.53 um, 
polarized-light selectivity may decrease because s 
the ratio of TE-mode absorption factor to TM-mode 
light absorption factor comes to 20:1 in the TE- 
hnode light selectively-absorbing region. This is be- 
cause TM-mode light is lost in the TE-mode light 
selectively-absorbing region. To compensate for io 
the loss, the TM-mode polarized-light component 
of . incident locally-oscillated light is increased by 
deviating such component, from an angle of 45 • , 
by an angle such that the component Increases 
(e.g., by deviating from an angle of 45* by 1.5 76 

The present invention makes it possible to 
greatly improve the performance of a semiconduc- 
tor optical device by integrating a plurality of quan- 
tum well structures with different strains and/or 
lattice mismatch degree (e.g., compressive 20 
strain/tensile strain). The semiconductor optical in- 
tegrated device fabrication method according to the 
present Invention makes It possible to realize a 
plurality of quantum well structures whose strain 
and/or lattice mismatch degree (e.g.. compressive 26 
strain/tensile strain) differ on a same substrate sur- 
face. Moreover, it is possible to provide a new 
optical integrated device capable of controlling any 
polarization surface of the activating light. Further- 
more, the present invention provides structure, and '30 
a method of manufacture, combining a plurality of 
quantum well structures with different strains and/or 
lattice mismatch on a substrate (e.g., single sub- 
strate), and provides for Integrating optical 
waveguides with different polarization dependen- 35 
cies. 

The present invention requires no beam splitter 
for polarized-wave separation, and greatly simpli- 
fies the structure of a polarization diversity optical 
system for a coherent optical communication. As a 40 
result, reliability is improved and the receiving sys- 
tem can be downsized. 

While we have shown and described several 
embodiments in accordance with the present In- 
vention, it is understood that the same is not limit- 45 
ed thereto, but is susceptible to numerous changes 
and modifications as known to one having ordinary 
skill in the art, and we therefore do not wish to be 
limited to the details shown and described herein, 
but intend to cover all such modifications as are so 
encompassed by the scope of the appended 
claims. 

Claims 

J . .55 
1. A member comprising a substrate (2) having a 
plurality of quantum well structures (3) on the 
surface of the substrate, at least one of the 



plurality of quantum well structures having a 
lattice mismatch with the substrate and a dif- 
ferent strain from that of at least one other of 
the plurality of quantum well structures. 

2- A member according to claim 1, wherein at 
least one of the plurality of quantum well struc- 
tures (3) has a different degree of lattice mis- ' 
match with the substrate from that of at least 
one other of the plurality of quantum well 
structures (3). 

3. A member according to claim 1 or 2, wherein 
at least one of the plurality of quantunh well 
structures (3) has a compressive strain therein 

■ and at least one of the plurality of quantum 
well structures (3) has a tensile strain therein. 

4. A member according to any of claims 1 to 3, 
wherein a waveguide layer (4) is provided be- 
tween each of the quantum well structures (3)' 
and the substrate (2). each quantum well struc- 
ture and its respective waveguide layer for- 
ming an optical functional section (a, b). 

5- A member according to any of claims* 1 to 4. 
wherein said quantum well structures are 
formed by providing insulating layer patterning 
marks (1) on the substrate (2), said patterning 
masks exposing growth regioris of the sub- 
strate on which the quantum well structures 
are deposited, at least one of growth regions 
having different widths (40, 41) and/or respec- 
tive patterning masks exposing different growth 
regions having different widths (42, 43); and 
simultaneously depositing material of the quan- 
tum well structures on the growth riegions. 

6. A. member according to any of claims 1 to 5, 
wherein material of said quantum well struc- 
tures (3) includes Group lll-V compound semi- 
conductor material with at least two. Group III 
elements, said Group III elements including at 
least one Group III element having a relatively 
large atomic diameter and at least one Group 
III element having a relatively small atomic 
diameter. 

7. A member according to any of claims 1 to 5, 
wherein material of said quantum well struc- 
tures (3) includes Group ll-VI compound semi- 
conductor material, the ll-VI compound semi- 
conductor material including at least two Group 
II elements, said Group II elements including at 
least one Group II element having a relatively 
large atomic diameter and at least one Group II 
element having a relatively small atomic diam- 
eter. 
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8- A semiconductor optical integrated device 
comprising at least a first optical functional 
section (a) having a first optical waveigjuide 
structure comprising a first compound semi- 
conductor material and a second optical func- s 
tional section (b) having ' a second optical 
waveguide structure comprising a second 
compound semiconductor materiali the first 

and second optical waveguide structures being 
provided on a same substrate (8), wherein a io 
lattice mismatch of crystal growth films of the 
first optical waveguide structure differs from a 
lattice mismatch of crystal growth films of the 
second optical waveguide structure. 

IS 

9- The semiconductor optica! integrated device 
according to claim 8, wherein the first and 
second compound semiconductor materials 
have different compositions. 

20 

10. The semiconductor optical integrated device 
according to claim 8, wherein the first and 
second compound, semiconductor materials 
are each Group lll-V conripound semiconductor 
materials, the Group III, elements including In 25 
and at least one of Ga and Al. 

11. The semiconductor optical integrated device 
according to claim 8, wherein the first and 
second compound, semiconductor materials 30 
are each Group Il(-V compound semiconductor 
materials, the Group III elements including at 
least one relatively large diameter element and 

at least one relatively small diameter element. 

35 

12. The semiconductor optical integrated device 
according to any of claims 8 to 11, wherein the 
first and second optical waveguide structures 
respectively include first and second quantum 

well structures (101, 103; 105. 107; 109, 111; 40 
113. 115). the first and second quantum welh 
structures being quantum well, structures 
formed by providing Insulating layer patterning 
masks (1 0) on the substrate (8), said patterning 
masks exposing growth regions of the sub- 45 
strate on which the quantum well structures 
are deposited at least one of the growth re- 
gions having different widths and/or respective 
patterning masks, exposing different growth re- 
gions, having different widths; and simulta- so 
neously depositing material of the quantum 
well structures on the growth regions. 

13. The semiconductor optical integrated device 
according to claim 12, wherein the growth re- 55 
gions have a width of 5-30 um. 
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14. The semiconductor optical integrated device 
according to claim 12 or 13. wherein the In^ 
sulating layer patterning masks (10) have a 
width of 5-60 um. 

15. The semiconductor optical integrated device 
according to any of claims 12 to 14, wherein at 
least one of the first and second optical 
waveguide structures includes an optical 
waveguide layer (11) provided between the. 
substrate and the quantem well structure. 

'16. A semiconductor optjcal integrated device 
comprising at least a first optical functional 
section (a. b) having a first optical waveguide 
structure comprising a first compound semi- 
conductor material and a second optical func- 
tional section (a, b) having a second optical 
waveguide structure comprising a second 
compound semiconductor material, wherein a 
strain of the first optical waveguide structure is 
different than a strain of the second optical 
waveguide structure. 

17. The semiconductor optical integrated device 
according to claim 1 6. wherein the first and 

second optical waveguide structures respiec- 
tively include first and second quantum well 
structures, the respective quantum well struc- 
tures having the different strains. 

18. the semiconductor optical integrated device 
according to claim 16 or 17, wherein one op- 
tical waveguide structure has a compressive 
strain and the other optical waveguide struc- 
ture has a tensile strain.* 

19. The semiconductor optical integrated device 
according to claim 18, wherein one optical 
functional section forms a distributed feedback 
laser and the other optical functional section 
forms an optical modulator.. 

20. A semiconductor optical integrated device ac- 
cording to any of claims 16 to 19, wherein a 
gain of one optical functional section is more 
than 0 and that of the other optical functional 
- section is 0 or less. 

21. A semiconductor optical integrated device ac- 
cording to any of claims 16 to 19, wherein 
gains of the first and second optical functional 
sections are each more than 0. 

22. A semiconductor optical integrated device ac- 
cording to any of claims 16 to 21, wherein the 
first optical functional section serves as an 
active region (19) and the second optical func- 
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tional section serves as a distributed Bragg 
reflector (18). 

23. A semiconductor optical integrated device ac- 
cording to any of clainns 16 to 22. wherein the 5 
first and second optical functional sections 
serve as a semiconductor optical amplifier. 

24. A semiconductor optical integrated device ac- 
cording to any of claims 16 to 23, wherein the io 
first and second optical functional sections 
serve as semiconductor optical polarization fil- 
ter. 

25. A semiconductor optical integrated device, in- ^ 75 
eluding a first optical functional section (a, b) 
having optical waveguide structures (101, 103; 

105. 107; 109. Ill; 113, 115) comprising com- 
pound semiconductors, wherein at least one of 

. a light-gain and a light-absorption coefficient 20 
for TE polarization light is larger than at least 
one of a light-gain and a light-absorption coeffi- 
cient for TM polarization light, at the optical 
waveguide structure of the first optical func- 
tional section, and at least one of the light-gain 25 
and light-absorption coefficient for TM polariza- 

,.tion tight is larger than at least one of the light- 
gain and light-absorption co-efficient for TE 
polarization light at the light waveguide struc- 
ture of the second functional section. 30 

26. An optical communication module including a 
semiconductor optical integrated device (21) 
which has a first optical functional section hav- 
ing an active light waveguide structure com- 35 
prising a compound semiconductor for emitting 
light, and a second optical functional section 
having a passive optical waveguide structure 
comprising a compound semiconductor for 
modulating the emitted light, a strain of the 4o 
active light waveguide structure being different - 
from a strain of the passive optical waveguide 
structure; waveguide means (23) for guiding 

light outputted from the semiconductor optical 
integrated device to the outside; light-converg- 45 
ing means (22) for converging the light output- 
ted from the semiconductor optical integrated 
device to the waveguide means; and driving 
means (24) for driving the semiconductor op- 
tical integrated device. 50 

27. An optical communication module including a„ 
semiconductor optical amplifier (21) which has 
a first optical functional section having a first 
active optical waveguide structure comprising 55 
a compound semiconductor for amplifying TE 
polarization light, and a second optical func- 
tional section having a second active optical 



waveguide structure comprising a compound 
semiconductor for amplifying TM polarization 
light and which is able to amplify the TE and 
TM polarization lights separately; light-con- 
verging means (22) for converging the light 
outputted from the semiconductor optical am- 
plifier to the waveguide means (23); and driv- 
ing means (24) for driving the semiconductor 
optical amplifier. 

28. An optical, communication system including 
communication means which has a semicon- 
ductor optical integrated device (25) having a 
first optical functional section having an active 
optical waveguide structure comprising a com- 
pound semiconductor, for emitting light, and a 
second optical functional section having a pas- 
sive optical waveguide structure comprising a 
compound senniconductor. for modulating the 
emitted light, a strain of the active optical 
waveguide structure being different from a 
strain of the passive optical waveguide struc- 
ture; waveguide means for guiding light output- 
ted from the communication means to the out- 
side; and receiving means for receiving light 
outputted from the waveguide means. 

29. A light receiver comprising a region for selec- 
tively absorbing at least TE-mode light but 
transmitting TM-mode light, and a region for 
absorbing the transmitted TM-mode light. 

30. A light receiver according to claim 29, wherein 
the region for selectively absorbing TE-mode 
light is connected in series with the region for 
absorbing, TM-mode light. 

31. A light receiver according to claim 29 or 30, 
wherein the region for selectively absorbing 
TE-mode light . Includes a strain-free or 
cornpressive-strain quantum well structure. 

32. A light receiver according to claim 31, wherein 
the region for absorbing TM-mode light in- 
cludes a tensile-strain absorbing structure. 

33. A polarlzed-wave diversity light receiver for- 
correcting a difference in output, from a light 
receiver (16), of electric signal intensity con- 
verted from polarized-light components of a 
signal light (12), said difference being caused 
by a difference in propagation loss and conver- 
sion efficiency of TE- and TM-mode lights, 
wherein an amplification degree of an electric 
signal amplifier at a rear stage of the light 
receiver is set so that a signal intensity of each 
polarized-light component of TE- and TM- 
mode signal lights, after being converted Into 
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an electric signal, Is equal. 

34. A method of forming a semiconductor optical 
integrated device, comprising the steps of: 

providing a single substrate (2) having re- 5 
spective growth regions for growing thereon at 
least first and second waveguide structures of 
at least first and second optical functional sec- 
tions (a, b), respectively; and 

growing said first and second optical 10 
waveguide structures, said growing including 
forming first and second crystal layers respec- 
tively of the first and second compound semi- 
conductor materials, each having a lattice mis- 
match with the substrate (2), the lattice mis- 15 
match between the first crystal layer and the 
substrate differing from the lattice mismatch 
between the second crystal layer and the sub- 
strate. 

20 

35- The method according to claims 34, wherein 
the first and second crystal layers are simulta- 
neously formed on the semiconductor sub- 
strate. 

25 

36. The method according to claim 34 or 35, 
wherein the substrate includes insulating layer 
patterning masks (1) defining the growth re- 
gions. 

. 30 

37. The method according to claim 36, wherein a 
first insulating layer patterning mask, defining 
the growth region on which the first optica! 
waveguide structure is grown, has a different 
width (42. 43) than a second insulating layer 35 
patterning mask, defining the growth region on 
which the second optical waveguide structure 

is formed. 

38- The method according to claim 34 or 35. 40 
wherein the respective growth regions on 
which the first arid second optical waveguide 
structures are grown have different widths (40. 
41). 

45 

39. The method according to claim 34, wherein the 
crystal layers are formed by organometalllc 
vapor phase epitaxy. 

40- the method according to claim 39, wherein the so 
. organometallic vapor phase epitaxy. Is per- 
formed at a temperature in the range of 550- 
650 'C, and at a pressure in the range of 20- 
200 Torr. 

55 

41. The method according to claim 34. wherein 
each of the first and second crystal layers Is 
formed of Group lll-V compound semlconduc- 

16 
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